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A B S T R A C T
We clarify, both theoretically and experimentally, the conceptual difference between a general vortex beam
and an orbital angular momentum (OAM) beam regardless of carrying the same integer topological charge.
We use a phase-only spatial light modulator to generate various non-canonical vortices, i.e., Gamma vortices,
whose phase structures are described mathematically by the Gamma function. To further explore the OAM
content of Gamma vortices, we perform a mode decomposition in the basis of OAM eigenstates. The measured
OAM spectra indicate that each Gamma vortex is a coherent superposition of high-dimensional OAM states,
but its average OAM value remains the same as the topological charge. In addition, resulting from the different
Gouy phases among the OAM states, we find that the Gamma vortex carrying a high-order topological charge
will generally decay into several unit-charge vortices and these vortices deviate unsymmetrically from the
center of the light beam. Our work may find potential applications where the structured phase engineering is
desired.
1. Introduction
Vortex is a kind of common natural phenomena in fluid systems,
such as water vortex, atmospheric vortex, acoustic waves, and electron
beams [1–5]. In singular optics, a vortex within a light beam possesses
a phase singularity, around which the optical energy flows rotationally.
The optical vortex is generally discussed in relation to the orbital
angular momentum (OAM) of light [6]. In cylindrical coordinate, the
z-component angular momentum operator can be written as, ?̂?𝑧 =
−𝑖ℏ𝜕∕𝜕𝜑, and the most usually encountered eigenmodes in optics are
the Laguerre-Gaussian (LG) beams with a helical phasefront of exp(𝑖𝑙𝜑),
where 𝜑 is the azimuthal angle and 𝑙 is an integer or fraction topological
charge [7,8]. Within such a twisted light beam, each photon carries
a well-defined OAM of 𝑙ℏ. In the past decades, light with OAM has
been extensively investigated, both in theory and experiment, for its
wide fields of application, ranging from optical manipulation, opti-
cal imaging, and communications to quantum optics and quantum
information [9–12].
However, topological charge is a more general concept that char-
acterizes the vorticity of any kind of vortices, which is defined as,
𝑄 = (2𝜋)−1 ∮𝐶 d𝜒 , with 𝜒 describing the phase distribution and 𝐶
being an arbitrary circuit enclosing the singular point [13]. In this
regard, OAM and vortex are conceptually different. For example, there
are different optical vortices carrying integer topological charges, but
they are not the eigenmodes of the angular momentum operator ?̂?𝑧.
∗ Corresponding authors at: Department of Physics, Collaborative Innovation Center for Optoelectronic Semiconductors and Efficient Devices, and Key
Laboratory of Low Dimensional Condensed Matter Physics (Department of Education of Fujian Province), Xiamen University, Xiamen 361005, China.
E-mail addresses: qhlu@xmu.edu.cn (Q. Lu), chenlx@xmu.edu.cn (L. Chen).
Recently, several kinds of such non-canonical optical vortices, such
as non-symmetric vortices [14,15], Mathieu vortices [16] and Power-
exponent-phase vortices [17–19] were reported to explore new prop-
erties and novel applications. However, the fundamentally conceptual
differences of a non-canonical vortex from a canonical OAM have not
yet been full explored. For this, here, we take the Gamma vortex as an
example. Based on the digital spiral imaging [20,21], we measure the
OAM spectrum of the gamma vortex, offering a new angle to clarify
the conceptual difference of a non-canonical vortex from a canonical
OAM. Besides, due to the different Gouy phases among the OAM states,
we fundamentally explain the reason of interesting vortex splitting and
drifting for such Gamma vortex.
2. Theory
In theory, the light field of a general optical vortex can be described
mathematically as,
𝑢(𝑟, 𝜑) = 𝐴0 exp(−
𝑟2
𝜔2
) exp[𝑖2𝜋𝑙𝜃(𝜑)], (1)
where 𝐴0, 𝜔 and 𝑙 denote the amplitude, waist width and the helicity
of the light beam, respectively, and 𝜃 = 𝜃(𝜑) describes the spatial
phase distribution, which is subjected to 𝜃(0) = 0 and 𝜃(2𝜋) = 1. For
the simplest case 𝜃(𝜑) = 𝜑∕2𝜋, the optical vortex trivially reduces to
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Fig. 1. Phase of Gamma vortices. (a), (d): 𝑙 = 1, 𝛽 = 2; (b), (e): 𝑙 = 2, 𝛽 = 2; (c), (f): 𝑙 = 3, 𝛽 = 1.
Fig. 2. Numerical evolution patterns, 𝑧 = 80 cm. (a) 𝑙 = 1, 𝛽 = 2, without Gouy phase; (b) 𝑙 = 1, 𝛽 = 2, with Gouy phase; (c) 𝑙 = 2, 𝛽 = 1, without Gouy phase; (d) 𝑙 = 2, 𝛽 = 1,
with Gouy phase.
the canonical vortex, i.e., the OAM beam. For an arbitrary function
𝜃(𝜑), we can always calculate straightforwardly the topological charge
carried by such a vortex beam as, 𝑄 = 12𝜋 ∮𝐶 d𝜒 =
1
2𝜋 d[2𝜋𝑙𝜃(𝜑)] = 𝑙. In
experimental demonstration, we construct a new type of optical vortex
based on the Gamma function, 𝛤 (𝑥) = ∫ +∞0 𝑡
𝑥−1𝑒−𝑡d𝑡 [22]. Accordingly,
the phase distribution in Eq. (1) for a Gamma vortex can be described
by,
𝜃𝛽 (𝜑) =
1
𝛤max
[
𝛤 (𝛽
𝜑
2𝜋
+ 2) − 1
]
(2)
where 𝛤max = 𝛤 (𝛽 + 2) − 1 is a normalization constant that ensures
𝜃𝛽 (0) = 0 and 𝜃(2𝜋) = 1, and 𝛽 is a parameter that determines the
spatial variance of the phase. Such beams carry 𝑙 topological charge
independent on 𝛽 values. We illustrate in Fig. 1 the phase structures
for some typical Gamma vortices. In experiment, we take these Gamma
vortices for example to investigate the interesting propagation dynam-
ics, e.g., vortex splitting and drifting, and measure the OAM spectra as
modulated by the parameters 𝑙 and 𝛽.
Compared with the Gamma vortex, the LG modes constitute a
complete orthogonal basis. And thus, arbitrary two-dimensional images
can be decomposed into LG modes, i.e., digital spiral imaging [20,21].
Similarly, the Gamma vortex can also be represented by a coherent
superposition of all LG modes, namely
𝑢(𝜌, 𝜑, 𝑧) =
+∞
∑
𝑙=−∞
+∞
∑
𝑝=0
𝑎𝑙,𝑝𝐿𝐺
𝑙
𝑝(𝜌, 𝜑, 𝑧), (3)
where, 𝑎𝑙,𝑝 = ∫
2𝜋
0 ∫
+∞
0 [𝐿𝐺
𝑙
𝑝(𝜌, 𝜑, 𝑧 = 0)]
∗𝑢(𝜌, 𝜑, 𝑧 = 0)𝜌d𝜌d𝜑, denotes the
weight amplitude, and LG modes can be expressed as [11],
𝐿𝐺𝑙𝑝(𝜌, 𝜑, 𝑧) =
√
𝑝!
𝜋(|𝑙| + 𝑝)!
(
𝜔2 − 𝑖𝑧∕𝑘
𝜔2 + 𝑖𝑧∕𝑘
)𝑝 𝜌|𝑙|
(𝜔2 + 𝑖𝑧∕𝑘)|𝑙|+1
× exp
(
−𝜌2
2(𝜔2 + 𝑖𝑧∕𝑘)
)
× 𝐿𝑙𝑝
(
𝜌2
𝜔2 + 𝑧2∕𝑘2𝜔2
)
exp
[
𝑖(2𝑝 + |𝑙| + 1) arctan( 𝑧
𝑧𝑅
)
]
× exp(𝑖𝑙𝜑),
(4)
where 𝑧 is the propagation distance, 𝑘 is the wave vector, 𝜔 is the beam
waist, 𝑧𝑅 is the Rayleigh range, 𝐿𝑙𝑝(⋅) is the generalized Laguerre poly-
nomial, 𝑝 and 𝑙 are the radial and azimuthal indices, respectively, and
𝛷𝐺(𝑧) = (2𝑝+ |𝑙|+1) arctan(𝑧∕𝑧𝑅) is Gouy phase. If we focus on the pure
OAM spectrum, we can derive from Eq. (3) that, 𝐴𝑙 =
∑
𝑝 |𝑎𝑙,𝑝|
2. Then
we can further calculate the average OAM value as, ?̄?𝑧 =
∑+∞
𝑙=−∞ 𝐴𝑙𝑙ℏ.
Besides, as each LG mode propagates independently in free space, the
evolution of a Gamma vortex after a propagation distance z can then
be treated as a consequence of a coherent superposition of all these
propagating LG modes. Noted that, the Gouy phase of each mode is
determined by the mode indices and the propagation distance, i.e., each
mode acquires a different phase during the propagation, which may
lead to the vortex splitting and drifting from the beam centroid. As
shown in Fig. 2, we numerically simulate the evolution pattern of
Gamma vortex in the propagation process.
Comparing Fig. 2(a) and (b), both of topological charges are 1, one
can find that if Gouy phase is considered, the dark core of Gamma
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Fig. 3. A sketch of the experiment setup for the generation and measurement of
Gamma optical vortices, see text for more details.
vortex would drift from the beam centroid, while the counterpart with-
out Gouy phase remains center of beam. Similarly, taking Gouy phase
into account, Gamma vortex, whose topological charge is 2, would split
into 2 vortices (shown in Fig. 2(d)), while Gamma vortex is stable
(Fig. 2(c)) if Gouy phase is not considered. In the following experiment,
we measure the OAM content of the Gamma vortex, thus clarify the
conceptual distinction of the topological charge of an optical vortex
from the OAM value, and then investigate the free-space propagation
dynamics.
3. Experimental setup and results
Our experimental setup is sketched in Fig. 3. The light source is
a linearly polarized fundamental Gaussian mode derived from a 2
mW, 633 nm He–Ne laser. After being collimated by a telescope, the
light beam is divided into two beams, i.e., the reflected one trivially
serves as a reference beam, while the transmitted one is incident on
a computer-controlled SLM, which acts as a reconfigurable reflective
element and controls the complex amplitude of the reflected beam.
We display the specially designed holographic gratings in the SLM.
After a 4f system consisting of two lenses and Iris, the first-order
diffraction light acquires the desired phase structure of the Gamma
vortices. We further divide the vortex beam into two paths by BS2, for
the OAM spectrum measurement, one of which efficiently couples into
a single-mode fiber (SMF) connected to a power meter while the other
is directed to superpose with the reference beam in BS3 to produce
interference patterns that are recorded by a color CCD camera. If need
be, removing BS1 makes it is possible to directly record the intensity
pattern in the propagation of Gamma vortex.
In our experiment, we prepare and display the holographic gratings
in SLM to generate various Gamma vortices with different parameters
𝑙 and 𝛽. It is illuminating for us, by using the optical mode coupling
configuration to perform the OAM mode decomposition, to investigate
the OAM content of a Gamma vortex, which is helpful to clarify the
difference of a non-canonical vortex and a canonical OAM. For this, we
add the spiral phase of exp(𝑖𝑙𝜑) onto the Gamma vortex holographic
gratings, whose first-order diffraction after coupling into the single-
mode fiber (SMF) inversely serves as the OAM eigenmode filter. Thus
we scan the OAM in a suitable range for various Gamma vortices, and
accordingly, we obtain and show the experimental results in Fig. 4.
In each subplot, the blue bars are the experimental measurements
while orange ones are theoretical simulations, from which the good
agreement can be seen clearly. Besides, we can conclude that a larger
topological charge 𝑙 with a large parameter 𝛽 will generally lead to a
wider OAM spreading. We can further calculate the average OAM value
per photon within such Gamma vortices and find that the theoretical
OAM values remain equal to the topological charges, and the experi-
mental results confirm well this relation, e.g., the measured values are
0.998ℏ, 1.762ℏ and 2.992ℏ for Fig. 4(a), (b) and (c), being consistent
with the theoretical values 𝑙 = 1, 2 and 3, respectively.
Removing BS1, we use CCD to record the optical patterns of the
Gamma vortices at different propagation distances, e.g., at 𝑧 = 0 cm,
40 cm and 80 cm, that regardless of carrying an integer topological
charge, the Gamma vortices exhibit a propagation instability, unlike the
propagation invariance of standard OAM beams. Generally, a Gamma
vortex of 𝑙-order topological charge will gradually decay into 𝑙 vortices,
each of which carries one unit topological charge. By comparing the
patterns in the left and right panels, one can see that the generated
vortices move further away from each other, as it propagates from
𝑧 = 0 cm to 80 cm. Meanwhile, each vortex is drifting and deviating
obviously from the optical axis (marked by a white cross, see left and
middle panels of Fig. 5). To further visualize the position of each newly
generated vortex, we use the reference Gaussian beam to overlap with
the Gamma vortex beams at a slightly tilted angle at BS3, at which
they produce the characteristic interference forks. It is clearly shown
that 𝑙 = 2 and 𝑙 = 3 Gamma vortices can be split into two and three
unit-charge vortices, respectively, as are manifested by the separated
forks (marked by a white circle, see right panel of Fig. 5). Besides,
by comparing the middle and bottom rows, we conclude that a larger
𝛽 will accelerate the vortex splitting and separating, resulting from a
larger phase gradient along the azimuthal coordinate.
4. Conclusion
In summary, we have defined a new type of non-canonical vortices
mathematically based on the Gamma function. Based on the measured
the OAM spectra, we showed that a Gamma vortex even with an integer
topological charge is a coherent superposition of high-dimensional
OAM states, with the average OAM value remaining equal to the topo-
logical charge, which is helpful to recognize the conceptual difference
between a general vortex beam and an OAM beam. Our experiment
also showed that the propagation dynamics of Gamma vortices can be
effectively modulated by the topological charge 𝑙 and phase gradient
Fig. 4. The OAM spectra of Gamma vortices: (a) 𝑙 = 1, 𝛽 = 2; (b) 𝑙 = 2, 𝛽 = 2; (c) 𝑙 = 3, 𝛽 = 1. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 5. Propagation dynamics of Gamma vortices. Upper: 𝑙 = 1 and 𝛽 = 2; Middle: 𝑙 = 2 and 𝛽 = 2; Bottom: 𝑙 = 3 and 𝛽 = 1. (a), (e), (i): 𝑧 = 0 cm; (b), (f), (j): 𝑧 = 40 cm; (c), (g),
(k): 𝑧 = 80 cm; (d), (h), (l): Interference patterns at 𝑧 = 80 cm. ‘‘+’’ denotes the center of the beam while ‘‘O’’ denotes the position of forks.
parameter 𝛽. The interesting phenomena of vortex splitting and drifting
away from the beam centroid as propagating have been observed. Our
work may find potential application in optical micromanipulation and
quantum information science where structured phase engineering is
needed.
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